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Introduction
Titanium oxide is well known as a photocatalytic material since 1970s [1] . Photocatalytic activity together with other interesting features (high adhesion, hardness, refractive index, transparency, high dielectric constant, semiconducting properties) makes TiO 2 a promising coating material. However, photocatalytic efficiency of pure TiO 2 after irra-diation by solar spectrum is very low. Because of high energy band-gap of TiO 2 only the UV part of the solar spectra (< 5 % of solar energy) is able to initiate photocatalytic reactions. Hence, the photocatalytic reactions are strongly reduced in locations with limited UV radiation, e.g. in rooms, etc.
The photocatalytic activity of TiO 2 can be improved by doping. Two basic group of dopants can be used: (i) cations of transition metals such as Fe, Ni, Cr, Mn, V, Ag, Au, which can increase absorption of visible spectra but usually suffer from thermal instability [2] [3] [4] [5] [6] , and (ii) non-metal anion such as N − [7] [8] [9] [10] , C − [11] , S − [12] , F − [13] , which shift the band-gap towards lower spectral frequencies. Among the doping elements, N was found to be most effective because (i) nitrogen has comparable ionic radius to oxygen and (ii) the p states of N contribute to bandgap narrowing by mixing with O 2p states [9, 14] . Various deposition techniques, e.g. pulsed laser deposition (PLD) [15] [16] [17] , sol-gel methods [18] [19] [20] , ion-assisted electron beam evaporation [21, 22] , magnetron sputtering [10, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] have been employed to prepare TiO x N y thin films. Owing to its numerous advantages, magnetron sputtering deposition is a well established method for coating which has been already extended to the industry. Nevertheless, deposition of crystalline TiO x N y by dc magnetron sputtering method is difficult and the process must be usually followed by thermal annealing [10, 18, 23, 25, 28] or high discharge current during deposition is applied [25, 26] . However, nowadays, there is a growing need to deposit photocatalytic films on plastic, i.e. heat sensitive, materials. Hence, post-deposition thermal annealing excludes conventional dc magnetron sputtering as a method for industrial coating of TiO x N y thin films.
Dc magnetron sputtering was successfully combined with reactive gas pulsing process to get crystalline TiO x N y without thermal annealing [29] [30] [31] . With the same purpose Herman et al. employed dc pulsed dual magnetron working with repetition frequency 100 kHz and duty cycle 50 % [34] . The method of pulsed magnetron sputtering at medium frequencies was developed in [35] and lastly reviewed in [36] . However, an other method of pulsed magnetron sputtering, so-called HIgh Power Impulse Magnetron Sputtering (HiPIMS) [37] [38] [39] [40] [41] is a promising coating technique. Because of high power pulse density (∼ kW/cm 2 ) HiPIMS is suitable for deposition of oxides in particular phases at low (room) temperature as was shown in [42] [43] [44] . In spite of this fact HiPIMS technique has not been yet tested for deposition of TiO x N y thin films.
The main goal of our investigation is focused on deposition and formation of TiO x N y films by HiP-IMS at room temperature. The basic properties of thin films (chemical composition, crystallography, optical properties) are discussed together with comprehensive plasma diagnostic by optical emission spectroscopy.
Experimental details

Thin film deposition
Thin TiO x N y films were prepared by pulsed planar magnetron sputtering operated in HiPIMS conditions. A detailed description of the experimental setup can be found in our previous papers, see [42, 45] .
The commercial planar magnetron by Gencoa (Gencoa, Liverpool, UK), operated in unbalanced mode, is employed as a sputtering source. The source was equipped by a Ti target 50 mm in diameter. The sputtering source is situated in the lower part of a spherical-shaped stainless-steel UHV chamber. The vacuum chamber is pumped out by turbomolecular pump down to ultimate pressure 10 −6 Pa. The working pressure is adjusted by a throttle valve installed between the chamber and the pump. The flow rates of working gases are controlled by MKS flow controllers.
The discharge was excited using a combination of dc power supply AE MDX500 (Advanced Energy, Fort Collins, CO) with range down to -620 V designated for continuous regime and a power switch based on charging of large capacitors during idle part of the pulses. The switch was activated by a signal from waveform generator Agilent 33120A (Agilent, Santa Clara, CA). The generator served for triggering of time-resolved measurements as well. A ballast resistor (R = 2.1 Ω) serving as dummy load without magnetron discharge was inserted in series with the magnetron cathode path. Instant discharge current was calculated from the difference between voltage waveforms, measured by oscilloscope Tektronix TDS1012 (Tektronix, Richardson, TX), directly on the cathode U c and on serial connection of resistor R and cathode U c+R using Ohm s law.
Parameters of TiO x N y film deposition process are summarized in Table 1 . The flow rates for Ar and N 2 were kept constant while the flow rate of O 2 was varied to get different stoichiometry of thin film composition. Mean discharge current was kept constant (I m = 400 mA) for all experiments. The pulsemodulated discharge was operated with frequency f = 250 Hz and pulse width t a = 150 µs.
The substrate holder was on floating potential and cooled by circumfluent water during the deposition. The temperature, measured by a thermocouple situated at the substrate holder plate, was stabilized at ∼ 40
• C. However, the temperature of the substrate surface/growing film is expected higher as studied e.g. in [46] . The time of deposition was 90 minutes. Films were deposited on polished Si(100) wafers. The thickness of the film was roughly about ∼ 100 nm (estimated from XR and SE measurements), i.e. deposition rate 1 -1.5 nm/min. Resputtering effect of the deposited film is completely neglected because of apparent deposition rate. The adhesion of the films on the substrate was very good and no bubbles or grains were observed.
Time-resolved plasma diagnostic
Pulse-modulated discharge was investigated using optical emission spectroscopy. The measurements were performed by Shamrock SR500D spectrometer (focal length 500 mm) equipped with iCCD detector iStar DH740I both by Andor (Andor Technology, Belfast, Northern Ireland). The spectrometer was equipped with three gratings 300, 1200 and 2400 lines per milimeter. The wavelength resolution of the spectrograph (∼ 0.1 nm) is sufficient to allow accurate evaluation of measured data. The optical fibre, connected with the spectrometer, was built directly into the vacuum chamber. The fiber was placed at a distance of 65 mm from the target surface, i.e. in the position of substrate holder. The range of scanned spectra were λ = (200-850) nm. The pulse generator Agilent 33120A provided triggering signal for iCCD. The measured spectra were analyzed by Spectrum Analyzer 1.7 [47] .
Thin film characterization
Grazing incidence x-ray diffraction (GIXD, asymmetric Bragg case) measurements were done to determine the phase composition of deposited films, the respective methods are described e.g. in [48] . All measurements were performed using Θ-2Θ-Diffractometer Siemens D5000 (Bruker AXS GmbH, Karlsruhe, Germany) with Cu Kα radiation (40 V, 40 mA). The scanned 2Θ range was 20 to 50
• at constant incidence angle ω = 1.0
• . The Powder Diffraction File was used to assign the measured x-ray reflections and identify the crystallographic phases [49] . From XR measurements we can conclude that the films are homogeneous because XR data can be very well fitted with a model with assuming constant film density.
The chemical composition of the thin films was investigated by x-ray photoelectron spectroscopy (XPS). The analyses were performed on an AXIS Ultra x-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK) with a monochromatic Al K α x-ray source at 150 W (15 kV, 10 mA). A survey scan from 0 to 1200 eV was mapped with a pass energy of 80 eV. For high resolution measurements of the Ti 2p peak a pass energy of 10 eV was used. The quantification was done from the measured area of the XPS peaks, considering atomic sensitivity factors (ASF) given by the producer. The program package CasaXPS 2.3.15 was used for characterization. The validity of the ASF was checked by measuring samples of given composition (SiO 2 and TiO 2 ). Gaussian + Lorentzian functions with relation 30:70 % were employed for fitting the measured data. Shirley background was used for fitting of Ti 2p XPS peaks.
Ellipsometric investigations were carried out using a phase modulated ellipsometer Jobin-Yvon UVISEL (HORIBA Jobin-Yvon Inc, Edison, NJ) in the 1.8 eV -4.8 eV photon energy range at an angle of 70
• , due to Brewster's angle of Si wafer substrate. Angles ∆ and Ψ were analyzed using twolayers model based on TiO x N y and Si substrate. The optic indices of Si were obtained from the database [50] . The complex dielectric function of TiO x N y was composed of Tauc-Lorentz and CodyLorentz oscillators [25, 26] . Finally, the model was fitted to the experimental data using LevenbergMarquardt nonlinear least-squares algorithm. The fitting measure mean square error (MSE) was used for verification of ability of the applied model to fit the experimental data [51] . Band-gap energy E g was obtained by extrapolating the linear portion to the photon energy in α vs. E(hν) graph, where α is the absorption coefficient.
Results and discussion
Time-resolved diagnostics of plasma discharge
The overview spectrum of Ar/N 2 +O 2 discharge, shown in Fig. 1 , mostly consists of the atomic lines of Ar, Ar + , Ti, Ti + , O, molecular bands of NO γ (A 2 Σ + −→ X 2 Π) system, which was not observed in the dc-mode, and of the N 2 first and second positive systems (
). We observed strong N 2 bands in the spectrum but only one weak emission series of N (λ N = 821.1-821.6 nm) was recognized (studied in [52] ). Intensity of N lines was roughly three times higher in HiPIMS than in dc mode operated with the same experimental parameters and discharge current. However, we can expect presence of N atoms in the discharge volume as it was already demonstrated in [53] . In the reported experiments the N density, measured by mass spectrometry, reached the order of magnitude 2-4 × 10 18 m −3 at pressure about 2 Pa. The reactor consists of inductively coupled plasma source fed by argon, nitrogen and sputtered Ti. Hence, we suppose that in our case weak N lines in UV-VIS range of the spectrum are probably overlapped by other inten- nd positive system (λ N2−SPS = 357 nm) is observed almost constant for higher O 2 flow rates (F O2 = 0.5 -10 sccm). It means that the rate of N 2 excitation in the discharge volume is not significantly effected by oxygen in the plasma. An increase of the NO γ system (λ NO γ = 227 nm) was observed with increasing of oxygen partial pressure. It was shown in works [54] [55] [56] that NO is preferentially produced as a result of nitrogen and oxygen reaction.
Time evolution of discharge current is shown in Fig. 3 . The discharge current was calculated, using Ohm s law formula, from the voltage drop measured by oscilloscope on the ballast resistor (the method is described in detail in our earlier papers [43, 45] ). Time evolution of I D shown in Fig. 3 is typical for low pressure (p = 0.75 Pa) and slightly oxidized gas mixture. Peak discharge current reached about I p ≈ 23 A which corresponds to peak power of about P p ∼ 14.3 kW.
Discharge current is influenced by partial O 2 pressure. This phenomena can be explained by emission of secondary electrons induced by ion bombardment of oxidized cathode/target; the ion induced secondary electron emission coefficient is higher for oxides than for pure metal [42, 58] . In this way, at p = 10 Pa and highly oxidized gas mixtures, the peak discharge current reaches maximum values I D ≈ 55 A (i.e. P p ∼ 34 kW) at time t a ≈ 130 µs after discharge ignition (not presented in the figure). Time evolution of peak discharge current and normalized intensities of particular Ar + (λ Ar+ = 487 nm), Ti (λ Ti = 390 nm) and Ti + (λ Ti+ = 335 nm) lines is shown in Fig. 3 , too. The Ar + starts to develop as the first followed by Ti or Ti + lines, respectively. Similar features were also observed in a two-component (Ti target, Ar atmosphere) HiPIMS system, where evolution of gas and metallic ions was measured by energy resolving quadrupole spectrometry [59] . Increase of pressure, p =10 Pa, or oxygen flow results in a slower evolution of emitted lines.
The ratio of the measured relative intensities I Ar+ /I Ti ∼ 0.6 is more or less constant in the first half of the pulse width. This effect probably corresponds to re-sputtering of TiN film from the target surface poisoned by nitrogen (Y TiN = 0.43 for Ar + , Y TiN = 0.37 for N + ion energies of 500 eV [60] ). After removal of the nitride film from target surface, the ratio of intensities decreases if the amount of oxygen in the discharge is low: F O2 0.5 sccm. Such effect is caused by higher sputtering yield of pure metallic target surface (Y Ti = 0.63 for Ar + , Y Ti = 0.46 for N + for ion energies of 500 eV [60] ). The effect of target poisoning was studied by measurements of hysteresis loops [61] [62] [63] and XPS anal- ysis of the target surface after discharge operation. Since the N 2 with higher partial pressure was used for all experiments the target surface can be considered as TiN. When O 2 was added into discharge atmosphere we observed transition of target state mode from -nitride to -oxynitride indicated by an increase of cathode voltage and also verified by measurement of the target surface composition. We observed broader hysteresis loops for poisoning of pure Ti than TiN target surface by oxygen. The poisoning transition was observed for oxygen flow rate F O2 = 0.5 -1.1 sccm. For oxygen flow higher than 1.1 sccm target becomes fully poisoned and intensity of Ti line rapidly decreases, i.e. I Ar+ /I Ti > 1, due to lower sputtering yield of oxides (Y TiO x = 0.015 for Ar + ion energy of 300 eV [64] ). After target poisoning the intensities of gas as well as metal atoms/ions became virtually constant (not shown in the figure) .
The time development of the intensity of Ti + line (λ Ti+ = 335 nm) is shown in Fig. 3 , too. The positive Ti + ions are created by ionization of sputtered Ti atoms in plasma volume. Owing to lower ionization potential (E Ti = 6.82 eV) Ti atoms are preferentially ionized in comparison to Ar (E Ar = 15.78 eV). The preferential ionization of titanium can explain the intensity decrease of Ar + line while intensities of Ti and Ti + remain constant.
Chemical composition -XPS measurements
The nitrogen content of the films was determined by XPS methods. Fig. 4 shows the element composition of samples deposited at constant pressure (p = 0.75 Pa) and nitrogen flow (F N2 = 20 sccm). The flow rate of oxygen was varied. Thin films consist of Ti, N and O elements. Owing to surface contamination also impurities (mainly carbon) are detected. The content of impurities reached roughly 25 % of the total film composition (not included in Fig. 4) . The high impurity/carbon concentration is caused by surface contamination during the transfer of the samples to XPS device. However, we can exclude the presence of TiC structure in the film because C 1s peak does not contribute any TiC.
A decrease of nitrogen content is observed for increasing the O to N ratio for particular deposition of thin films at low pressure, see Fig. 4 . At higher pressures there is nearly no change in element composition caused by changing the ratio of the reactive gases in the discharge. Obviously, there is a preferred incorporation of oxygen into the growing film. If a sufficient amount of oxygen is present in the discharge volume, nitrogen is virtually not incorporated. With increasing oxygen flow not only the intensity of the N 1s peak, but also the contributions of TiN to the nitrogen 1s spectrum decreases while O 1s increases.
This observation is confirmed by high resolution measurements of the Ti 2p peak. Fig. 5 shows the Ti 2p peak of the film deposited at p = 0.75 Pa with F O2 = 0.2 sccm oxygen flow. We have to assume three possible bindings to fit the measured profile. The 2p Ti peak was fitted using three contributions: 458.5 eV, 457.1 eV and 455.7 eV correspond to Ti(IV) 2p 3/2, Ti(III) 2p 3/2 and Ti(II) 2p 3/2, respectively. The other three functions in the Fig. 5 correspond to 2p 1/2 peak. Unfortunately, TiO and TiN cannot clearly be distinguished, because both bindings contribute to the Ti(II) peak. The formation of TiO 2 can be attributed to surface oxidation on the film top during transport of the sample from the vacuum chamber to the XPS device in air as was already mentioned. With increasing oxygen ratio the amount of Ti(III) and Ti(II) components is decreasing. For oxygen flow F O2 > 1 sccm (Fig. 5 ) the Ti 2p region shows only two peaks which belong to Ti(IV) 2p 3/2 and 1/2 peaks. Because of negligible content of N in the film, the peak at Ti(II)/Ti(III) position was not detected. Occasional observation of weak nitrogen traces is attributed to surface contamination. Hence we can conclude that only TiO 2 is formed for higher oxygen flow rates.
Crystallographic phase composition -XRD measurements
XRD measurements were performed to get information about the phase composition of the layers. As expected from the XPS measurements, TiO/TiN as well as TiO 2 phases are observed (Fig. 6 ) as a function of particular experimental conditions. Thin films deposited at high oxygen flow rate (F O2 ∼ 10 sccm) consist of TiO 2 , which is found to be x-ray amorphous for high deposition pressure (p ∼ 10 Pa) or forms rutile phases at low pressure (p ∼ 0.75 Pa), respectively. The deposition of x-ray amorphous films at 10 Pa is probably due to lower energy transfer to the growing layer caused by increased number of particle collisions in plasma [42, 43, 46] .
Fcc TiX (where X = O or N) is found at low oxygen flow. However, it is difficult to distinguish between TiO and TiN phases by x-ray diffractometry. Both structures show a cubic face centred Ti sublattice with oxygen or nitrogen incorporated in octahedral sites. Octahedral sites are filled completely if the ratio X/Ti = 1. This ratio can vary between 0 -1 as a function of different deposition condition [65] [66] [67] [68] . However, the lattice constant depends on the amount of octahedral sites filled by anions and, of course, also on the incorporated elements. Hence it is impossible to determine both type of elements and the amount of incorporated atoms only from the lattice constant measurement by XRD technique. Because both N and/or O are incorporated and we do not know the ratio of O/N Vegards law can not be used. Hence, for our films we assume incorporation of both oxygen and nitrogen into the Ti lattice. This assumption is confirmed by XPS measurements. Their composition is therefore referred as TiO x N y .
For the samples prepared at low pressure the peak positions of TiO x N y are shifted towards lower angles compared to layers deposited at higher pressure. This implies larger lattice constants, i.e. a higher amount of incorporated interstitial atoms. The attain lattice constants determined from peak position are 4.23Å for p = 0.75 Pa and 4.15Å for p = 10 Pa. Theoretical lattice constants values are a TiN = 4.242Å and a TiO = 4.185Å. However, all deposited crystalline phases show comparably small grain sizes. Thus we assume x-ray amorphous amounts of TiO/TiN or TiO 2 to be present within the films, too.
Energy band-gap -spectroscopic ellipsometry
Spectroscopic ellipsometry (SE) was employed to investigate the optical properties of deposited TiO x N y thin films, namely the energy band-gap E g and refractive index n. If the flow rate of oxygen is decreased, E g is decreased, too -see Fig. 7 . Similar behaviour of energy band-gap was observed in [25] as well. The lowest values of E g ≈ 1.7-2.1 eV are related to TiO x N y structure with incorporated nitrogen into the Ti-O lattice as described above. The highest values of band-gap energy E g ≈ 3.2 eV were measured for highly oxidized gas mixtures with oxygen flow ≥ 1 sccm independent of the total pressure. This value corresponds with band gap of TiO 2 [69] .
The band-gap is related to the refractive index by semi-empirical relation known as Moss rule [70, 71] ), n 4 ·E g = const., where const. = 95 eV. Comparison of refractive index values estimated from SE measurements for λ =500 nm and by Moss rule employing E g is displayed in Fig. 7 . Crystalline phase of TiO x N y shows higher values of refractive index n. A shift of maxima of n(λ) distribution towards lower photon energies compared to TiO 2 prepared at high oxygen flow rate (not presented in the figure) was also observed.
The explanation of such behaviour was proposed in [25] . It is based on former research of Futsuhara et al. [72] who found that the band-gap is related to the difference in ionicity of metal-O and metal-N bonds. The electronegativity of oxygen is larger than that of nitrogen, which indicates that the Ti-O bonds involve a larger charge transfer than Ti-N bonds. Assuming that both, Ti-O as well as Ti-N, bonds coexist in the films, the shift of the bandgap to lower energy can be attributed to a decrease of ionicity due to formation of Ti-N bonds at lower oxygen flow rate.
Conclusion
The formation of TiO x N y by HiPIMS without post-deposition thermal annealing is proved in this report. The formation of TiO x N y is conditional to low partial pressure of nitrogen in (Ar)-N 2 -O 2 reactive discharge atmosphere. If sufficient amount of oxygen is present in the discharge volume, x-ray amorphous TiO 2 (at higher pressure p = 10 Pa) or rutile phase of TiO 2 (at lower pressure p = 0.75 Pa) is formed. Local domains of TiN and/or TiO with fcc structure are formed at low flow of oxygen F O2 < 0.5 sccm. The Ti-N bonds that exist in TiO x N y structure are responsible for a decrease of the energy band-gap to the value E g ≈ 1.7-2.1 eV and an increase of the refractive index n. The refractive index estimated from SE measurements corresponds very well to the values determined from semi-empirical Moss rule.
